Background: Carbapenemase-producing Klebsiella pneumoniae causes high mortality owing to the limited therapeutic options available. Here, we investigated an emergent carbapenem-resistant K. pneumoniae strain with hypervirulence found among KPC-2-producing strains in Taiwan.
Introduction
The emergence of carbapenem-resistant Klebsiella pneumoniae is a serious threat to public health worldwide. 1 KPC, a class A b-lactamase, is able to hydrolyse penicillins, cephalosporins and carbapenems. KPC-producing K. pneumoniae, initially isolated in 1996 in the USA, has spread worldwide 2 with a mortality rate of up to 40%. 3 The carbapenemase-producing K. pneumoniae strain ST258 was found to be nearly avirulent experimentally, 4 and the high mortality was mainly associated with the immunocompromised status of the patients and the lack of therapeutic options available for the MDR organism. 1 Hypervirulent K. pneumoniae is known to cause life-threatening and community-acquired pyogenic infections in immunocompetent hosts and has the capacity to metastatically spread. 5 Capsular type K1 and K2 strains are well-known hypervirulent strains, owing to their strong anti-phagocytic ability and serum resistance. 6 The hypermucoviscosity phenotype is considered to be strongly associated with the virulence of K. pneumoniae strains and is regulated by the plasmid-borne regulator of the mucoid phenotype gene (rmpA)-a determinant controlling the expression of capsular polysaccharide synthesis (cps) genes and capsule production. 7 There is no precise definition of hypervirulent K. pneumoniae, but strains with virulent capsular types and/or carriage of rmpA/rmpA2 genes are considered hypervirulent. These hypervirulent strains, especially those with K1 or K2 types, are usually susceptible to commonly used antibiotics and rarely resistant to antibiotics, aside from their intrinsic resistance to ampicillin. The emergence of carbapenem-resistant K. pneumoniae strains with increased virulence makes the distinction between carbapenem-resistant K. pneumoniae and hypervirulent populations difficult, 8 and the convergence of carbapenem resistance and hypervirulence in K. pneumoniae is a worrisome threat.
9 ST11 carbapenem-resistant hypervirulent K. pneumoniae strains that were highly transmissible, causing a fatal outbreak in China, were recently reported to pose a substantial threat to public health. 10 It is suggested that other countries with a high prevalence of K. pneumoniae should be vigilant for the emergence of carbapenem-resistant hypervirulent strains. 9 However, no survey of carbapenem-resistant hypervirulent K. pneumoniae strains had been undertaken in Taiwan. In this study, we aimed to determine the capsular types and carriage of rmpA/rmpA2 genes among KPC-2-producing K. pneumoniae strains. The genomic features of a carbapenem-resistant hypervirulent K. pneumoniae strain were investigated.
Materials and methods
KPC-producing K. pneumoniae isolates and data collection KPC-producing K. pneumoniae isolates were collected consecutively from clinical specimens in the microbiological laboratories at the Taipei Veterans General Hospital between January 2012 and December 2014. Only the first culture was included for patients with two or more cultures that tested positive for KPC-producing strains.
Ethics
The study protocol was approved by the Institutional Review Board at the Taipei Veterans General Hospital (2016-05-009CC). Informed consent was waived.
Bacterial identification and antimicrobial susceptibility testing
The identification of K. pneumoniae was performed using the Vitek 2 System (bioMérieux) or by MALDI-TOF MS (bioMérieux). MICs were determined using the Vitek 2 System except for those of trimethoprim/sulfamethoxazole, tigecycline and colistin. The MICs of tigecycline and trimethoprim/sulfamethoxazole were determined using the Etest method (bioMérieux), as previously described, 11, 12 and the MIC of colistin was determined using the recommended standard broth microdilution method. MICs, except those of tigecycline and colistin, were interpreted according to CLSI breakpoints. 13 EUCAST breakpoints were used for tigecycline and colistin susceptibility (http://www.eucast.org/clinical_breakpoints).
Microbiological characteristics and in vivo virulence study
Capsular genotyping, detection of rmpA/rmpA2 genes and colony mucoviscosity testing were performed as previously described.
14 Genes encoding for carbapenemase were determined by PCR. 15 The resistance mechanism for tigecycline, fluoroquinolone and colistin was tested as previously described. 11, 12, 16, 17 Carbapenem-resistant hypervirulent K. pneumoniae and other control strains were subjected to a mouse lethality study to determine the 50% lethal dose (LD 50 ). Female C57BL/6 mice (6-8 weeks old) were administered an intraperitoneal injection of K. pneumoniae at various concentrations of inoculum, as previously described. 11, 18 All animal care procedures and protocols were approved by the institutional animal care and use committee of National Yang-Ming University.
PFGE and MLST
We performed PFGE for all KPC-producing strains as per a previous report. 19 The Dice coefficient (1% tolerance and 0.5% optimization) was used to calculate the similarities and the unweighted pair-group method with the arithmetic mean was used for the cluster analysis using GelCompar II software version 6.5 (Applied Maths, St-Martens-Latem, Belgium). Isolates with .80% similarity were considered similar. S1-PFGE was performed as previously described. 20 All KPC-producing strains were subjected to MLST according to the protocol described on the K. pneumoniae MLST website (http:// bigsdb.pasteur.fr/klebsiella/primers_used.html) and the results analysed using the international K. pneumoniae MLST database created in 2005 at the Pasteur Institute (Paris, France). 21 
Bacterial conjugation
A plasmid conjugation assay was performed using K. pneumoniae TVGHCRE225 as the donor strain (imipenem resistant) and Escherichia coli J53 (sodium azide resistant) as the recipient strain. The experiment was modified as described in a previous study. 22 About 1%10 8 cfu of both donor strain and recipient strain were mixed and dotted on sterilized filter paper, which was then incubated on an LB agar plate for 18 h at 37 C. Transconjugants were selected by LB agar plates supplemented with 0.125 mg/L meropenem and 100 mg/L sodium azide. PCR for bla KPC-2 and rmpA/rmpA2 was performed on the transconjugants and the carbapenem MICs were determined.
DNA extraction, sequencing and data analysis
The DNA of the carbapenem-resistant hypervirulent K. pneumoniae strain was extracted using a Gentra Puregene Yeast/Bact kit (Qiagen) and subjected to PacBio SMRT sequencing. The data analysis, nucleotide sequence accession numbers and phylogenetic analysis of the K. pneumoniae ST11 strains based on SNPs in the core genome are shown in the Supplementary Methods (available as Supplementary data at JAC Online).
Results
Clinical characteristics of a case infected with an XDR and carbapenemase-producing hypervirulent K. pneumoniae During the study period, a total of 63 KPC-producing K. pneumoniae strains were identified in our hospital. Most of these carried bla KPC-2 (n " 62) and only one strain exhibited bla KPC-3 . All strains with KPC-2 belonged to ST11 and capsular genotype K47. We found only one strain (TVGHCRE225) harbouring rmpA and rmpA2 genes. This strain also displayed the hypermucoviscous phenotype, as evaluated by the string test. This strain was isolated from an intraabdominal abscess of an 83-year-old woman in August 2014. This patient had Parkinson's disease and had not travelled outside Taiwan within the 3 months prior to this admission. The intraabdominal abscess was caused by a fistula located between the splenic flexure of the colon and spleen. The patient underwent percutaneous ultrasound-guided catheter drainage for the abscess. The initial pus culture showed ESBL-phenotype K. pneumoniae, E. coli and Enterococcus faecium. The patient received ceftazidime and tigecycline but the disease progressed. The second pus culture from the drainage tube obtained 10 days later showed the growth of a carbapenem-resistant K. pneumoniae strain (TVGHCRE225) with imipenem MIC 16 mg/L, as evaluated using the Vitek 2 System. This strain also showed resistance to cephalosporins and fluoroquinolones and was susceptible to amikacin (MIC 2 mg/L).
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Amikacin was administered but septic shock ensued and the patient died 6 days after this strain had been obtained. The MICs of tigecycline and colistin for this strain were 8 and 4 mg/L, respectively, indicating TVGHCRE225 to be an XDR strain.
Microbiological characteristics and in vivo virulence of TVGHCRE225
The detailed MICs for TVGHCRE225 are shown in Table 1 . Further experimental work to evaluate the resistance mechanism revealed overexpression of the efflux pump gene acrB (8.8 + 1.5-fold) and its regulatory gene ramA (21.6 + 5.9-fold) relative to control strain KP 478 (expression " 1; tigecycline MIC, 0.25 mg/L) by quantitative RT-PCR, which was associated with tigecycline resistance. An insertion sequence ISKpn26 in acrR (negative regulatory genes for acrB) and a missense mutation (G104C and T580A) in ramR (negative regulatory genes for ramA) were also identified. Elevated expression of the pmrHFIJKLM operon increased modification of lipopolysaccharide and usually contributed to colistin resistance. 17 This strain displayed a significantly higher expression level of pmrH mRNA (9.3+7.4-fold) as compared with the colistin-susceptible strain NTUHK2044 (expression " 1; colistin MIC, 1 mg/L); an insertion sequence element, ISKpn26, in mgrB was responsible for colistin resistance. We also investigated the resistance mechanism of fluoroquinolones, and mutations in the quinolone resistance-determining regions of gyrA and parC were identified. Amino acid substitutions were observed in two codons of GyrA: 83 (Ser!Ile) and 87 (Asp!Gly). In the ParC subunit, substitutions were also identified in one codon: 80 (Ser!Ile). We also found qnrA1, one of the plasmid-mediated quinolone resistance determinants in this strain.
We subjected these 63 KPC-producing strains to PFGE and identified a major cluster (.80% similarity) ( Figure S1 ). The carbapenem-resistant hypervirulent strain (TVGHCRE225) did not belong to this major cluster. The in vivo virulence of TVGHCRE225 was compared with that of other strains using a murine model of septicaemia generated by intraperitoneal injection. Upon intraperitoneal infection in mice, this hypervirulent XDR strain showed high virulence, with an LD 50 value of 1.1 % 10 5 cfu. The LD 50 of the other carbapenem-resistant ST11 KPC-2-producing strain (TVGHCRE161) belonging to the major cluster in our hospital was 5%10 7 cfu. Two hypervirulent strains with capsular type K1 and K2, rmpA/A2 gene and WT resistance showed an LD 50 value of 100 cfu.
Genomic comparative analysis
The XDR hypervirulent K. pneumoniae strain (TVGHCRE225) was sequenced using the PacBio RS II platform (Pacific Biosciences, USA), generating a library containing 79 892 single reads with an average length of 13 246 bp and a 128-fold average coverage. Reads were assembled using HGAP version 3.0, which returned four contigs. Comparative analysis of this strain with one recently identified carbapenem-resistant hypervirulent ST11 strain (hvkp-5) 10 and two classic ST11 strains (HS11268 and JM45) showed highly similar inter-strain genome content, with only a few regions unidentified in the latter three strains (Figure 1) .
The result of the virulence gene analysis is shown in Table 2 . We found that all KP strains (NTUHK2044, CG43, HS11286, JM45, TVGHCRE225 and hvkp-5) harboured several conserved virulence genes, namely entB, fimABCDEFGHIK, iroE, iutA, kpn, mrkABCDFHIJ and ycfM. TVGHCRE225 carried iroBCDN, iucABCD, rmpA and rmpA2, and iutA, whereas hvkp-5 displayed iucABCD, rmpA2 and iutA. This set of virulence genes, including iroBCDN, iucABCD, rmpA, rmpA2 and iutA, was also located in the virulence plasmids pLVPK and pK2044 but not in the other two classic ST11 strains. These observations were consistent with the results of the pan-genome analysis, wherein the virulence plasmid-related genes were unique to ST11 carbapenem-resistant hypervirulent K. pneumoniae but not classic ST11 carbapenem-resistant K. pneumoniae strains.
The strain TVGHCRE225 harboured three plasmids. S1-PFGE confirmed the size of the three plasmids analysed by WGS ( Figure S2 ). The IncR/IncFII/IncN plasmid (103 454 bp) carrying the antimicrobial resistance gene bla KPC-2 conferring resistance to carbapenems shared 99% identity and 72% query coverage with plasmid pKPC-LK30 from a KPC-2-producing K. pneumoniae strain in Taiwan ( Figure S3 ). The other IncA/C2-type plasmid (159 072 bp) had antimicrobial resistance genes aadA2, aac(3)-IId, strA, strB, sul1, sul2, qnrA1 and bla TEM-1B , which conferred resistance to aminoglycosides, sulphonamide, fluoroquinolones and b-lactams. The IncHI1B/IncFIB plasmid (297 984 bp) encoded 306 predicted ORFs. The set of virulence genes, including iroBCDN, iucABCD, rmpA and rmpA2, and iutA, were located in this plasmid, whereas no antimicrobial resistance gene was identified.
Comparison of this virulent plasmid, designated as pVir, and other plasmids with the use of the Basic Local Alignment Search Tool (BLAST) revealed its identity with pK2044 (49% coverage, 99% identity), pLVPK (47% coverage, 99% identity) and pPMK-NDM (61% coverage, 99% identity). TVGHCRE225 pVir was larger in size than the other two virulent plasmids (pK2044: 224 152 bp; pLVPK: 219 385 bp) in K. pneumoniae. pPMK-NDM is an IncHI2-type 
MICs were determined using the Vitek 2 System, except those of trimethoprim/sulfamethoxazole and tigecycline, which were determined using the Etest method, and that of colistin, which was determined using broth microdilution.
Virulent carbapenem-resistant strain JAC resistance plasmid harboured by the NDM-producing K. pneumoniae strain that caused an outbreak in a Nepali neonatal unit. Sequence analysis of TVGHCRE225 pVir suggests that this is a novel hybrid plasmid comprising a part of the virulence plasmid pLVPK and pPMK-NDM. The first region was highly similar to the CG43 (pLVPK), hvkp-5 and NTUH-K2044 plasmids, while the second region was highly similar to the PMK1 (pPMK1-NDM) plasmid ( Figure 2 ).
Phylogenetic analysis of the K. pneumoniae ST11 strains based on SNPs in the core genome
To estimate the genetic relationships among two hypervirulent carbapenem-resistant strains (TVGHCRE225 and hvKP-5) and other classic ST11 strains (JM45, HS11286, FJ8 and FJ10), we performed phylogenetic analysis based on core genome SNPs. This revealed that four ST11 strains, including TVGHCRE225, FJ10 (from Hong Kong), FJ8 (from Hong Kong) and hvkp-5 (from Hangzhou, China), formed a clade that is distinct from the other two ST11 strains, HS11286 (from Shanghai, China) and JM45 (from Hangzhou, China). In this clade, FJ10, FJ8 and hvkp-5 were more closely related, whereas TVGHCRE225 alone forms another branch ( Figure S4 ). The branch length of the TVGHCRE225 node is longer than that of the other three ST11 strains, suggesting that TVGHCRE225 is genetically more divergent in this clade ( Figure S4 ). This result suggested that TVGHCRE225 was evolutionarily closer to the hvkp-5 than to the other two ST11 strains (HS11286 and JM45). Comparative chromosome maps of the hypervirulent carbapenem-resistant K. pneumoniae strain (TVGHCRE225), one recently reported hypervirulent carbapenem-resistant K. pneumoniae strain (hvkp-5) and two publicly available classic ST11 strains (HS11286 and JM45) using TVGHCRE225 as the reference. The circular map was generated using the BLAST Ring Image Generator. Sequence comparison revealed that the four ST11 strains were highly similar; JM45 and HS11286 showed 97% coverage and 99% identity with TVGHCRE225. The layout of the circular diagram implies that TVGHCRE225 may provide a single contig representing the most completely assembled chromosomal sequence among ST11 strains. For instance, the region around the 1000th kbp on the TVGHCRE225 chromosome showed obvious higher GC bias and GC skewness as compared with other regions, and other genome assemblies revealed a pattern of very fragmented alignments. The hvkp-5 chromosome assembly was consistent with that of TVGHCRE225 in other regions that genome assemblies of JM45 and HS11286 may miss, such as the 2750th, 3050th, 4250th and 4700th kbp regions. However, the genome assembly of hvkp-5 was very fragmented, as it was assembled from Illumina short-read sequencing results; furthermore, there were as many as 249 contigs in the NCBI GenBank record.
Huang et al. Each value in the table represents the percentage of homology of one virulence gene in the K. pneumoniae strains when compared with the reference alleles in BIGSdb. '0' means the absence of this gene in the specific strain analysed and '100' means the presence of an identical gene in the specific strain. The results may not be completely consistent either with those generated by the BIGSdb online tool or with those revealed in previous literature. This might be partly because we ran NCBI BLASTP in a repeat masking disabled mode, and thus the additional repeat-containing virulence factors could be identified. For example, the full-length rmpA sequence of TVGHCRE225 could be completely aligned to a repeat-containing allele retrieved from BIGSdb. a This gene is located in the plasmid. All of the genes, except for traT located in the KPC-2-carrying plasmid, are located in the pVirCRE225, pLVPK, pK2044 or pLVPK-like plasmid.
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Results differ from those generated by performing BLAST on the BIGSdb web site. c Results differ from the literature.
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Conjugation experiment
A conjugation assay was performed to examine whether the plasmid carrying KPC-2 could be transferred. The conjugation frequency was determined to be 2.65%10
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. The imipenem MIC was 0.125 mg/L for E. coli J53 and 6 mg/L for the transconjugant. The carbapenem resistance phenotype of TVGHCRE225 could be transferred to E. coli strain J53. The transconjugant carried the bla KPC-2 gene, which was located on the IncR/IncFII/IncN plasmid, but the virulent determinant rmpA/rmpA2 located on pVir could not be detected in these transconjugants.
Discussion
We identified one XDR hypervirulent K. pneumoniae strain, TVGHCRE225, and WGS showed that this strain acquired a virulence plasmid harbouring rmpA/rmpA2 as compared with the classic ST11 KPC-2-producing K. pneumoniae strain. This XDR hypervirulent K. pneumoniae strain was isolated in Taiwan in 2014, earlier than that isolated in China recently reported by Gu et al.
10
The distribution of the carbapenem-resistant hypervirulent K. pneumoniae strain is broader than expected, suggesting the emergence of a strain with high virulence and antimicrobial resistance.
Capsular polysaccharide is an important virulence factor in K. pneumoniae. K1/K2/K5/K20/K54/K57 types were considered virulent and responsible for a variety of community-onset pyogenic infections. 14, 23 In the present study, all KPC-2-producing strains belong to capsular type K47. K47 is the most common capsular type among KPC-producing K. pneumoniae isolates in China. 24 Carbapenem-resistant hypervirulent K. pneumoniae strains have been mostly reported in China, 8 but were also recently identified in the USA. 25 Most strains from China belong to K1 or K2 capsular Figure 2 . Gene map of four virulence plasmids and pPMK1-NDM harboured by K. pneumoniae strains. Alignment of the four virulent plasmids recovered from our strain TVGHCRE225, ST11 carbapenem-resistant hypervirulent K. pneumoniae strain hvkp-5, capsular K1 hypervirulent K. pneumoniae NTUH-K2044 and capsular K2 hypervirulent K. pneumoniae CG43, and a plasmid harboured by strain PMK1. The circular genome comparison diagram was generated with the BLAST Ring Image Generator. TVGHCRE225 pVir could be roughly divided into two distinct regions based on its similarity to different plasmids. The first region, 1st to 130th kbp, was highly similar to the CG43 (pLVPK), hvkp-5 and NTUH-K2044 plasmids, while the second region, 130th to 300th kbp, was highly similar to the PMK1 (pPMK1-NDM) plasmid. Virulence factors such as iroBCDN, iucABCD, rmpA and rmpA2, and iutA are all located in the first region corresponding to the pLVPK-like plasmid region.
type and carried rmpA/rmpA2 genes, [26] [27] [28] [29] and it has been speculated that the horizontal transfer of resistance plasmids contributes to carbapenem resistance. 9 In vitro experiments demonstrated that KPC-carrying plasmids were successfully conjugated and retained by a virulent K2 K. pneumoniae recipient isolate and that transconjugants are able to maintain high serum resistance and murine lethality. 30 These findings provided the rationale that hypervirulent strains evolved to become carbapenem resistant. Gu et al. 10 recently reported the emergence of ST11 carbapenemresistant hypervirulent K. pneumoniae strains in China, different from K1 or K2 capsular types, owing to the acquisition of a pLVPKlike virulence plasmid. In our study, genomic analyses showed that the XDR hypervirulent strain TVGHCRE225 acquired a novel hybrid virulence plasmid containing a set of virulence genes on pLVPK and pK2044. Moreover, TVGHCRE225 was resistant to tigecycline and colistin, which has never been reported previously among carbapenem-resistant hypervirulent strains. The patient received tigecycline but not colistin before the isolation of TVGHCRE225. The evolution to a hypervirulent strain even occurred with an XDR background. Our results correspond to the report by Gu et al. and provide evidence that virulence plasmids are not restricted only to hypervirulent K. pneumoniae backgrounds, suggesting a change in the host-plasmid relationship in the ST11 KPC-2-producing K. pneumoniae background. 9 Thus, the possibility of transfer of plasmid-encoded virulence genes into carbapenem-resistant isolates represents a different mechanism for the interplay between virulence and antimicrobial resistance.
Only two studies have detailed the genomic analyses of carbapenem-resistant hypervirulent K. pneumoniae strains 10, 25 using Illumina sequencing platforms. The short-read assembly is unlikely to resolve abundant regions containing repetitive elements, which may be found in most genomes. In addition, the GC content bias featured in regions with horizontal gene transfers may be associated with low sequencing coverage or be completely lost during sequencing with the Illumina short-read technology. In this study, we used a third-generation sequencing platform, PacBio, to build a complete sequence map for TVGHCRE225. With a fully assembled genome, it is straightforward to delineate the structural features of the chromosome and three plasmids and determine the locations of virulence factors and drug resistance genes. It is notable that the virulence plasmid, TVGHCRE225 pVir, was clearly identified to comprise two evolutionarily distinct regions likely derived from different plasmids. In addition, the phylogenetic tree showed that TVGHCRE225 was evolutionarily close to the hvkp-5 isolated in China recently. However, our TVGHCRE225 was found in 2014, which was earlier than hvkp-5 (isolated in 2016), and, therefore, TVGHCRE225 might have the ability to evolve independently. More ST11 genomes to elucidate the evolution of the carbapenemresistant hypervirulent K. pneumoniae strains are necessary.
Zhu et al. 31 recently reported the low in vivo virulence of seven carbapenem-resistant hypermucoviscous K. pneumoniae isolates in a mouse lethality assay in a teaching hospital in China between January 2015 and December 2016. Only two of the seven strains carried the rmpA gene. Zhu et al. ' s results indicated that defining hypervirulent K. pneumoniae only by hypermucoviscosity phenotype was far from sufficient. The absence of specific genomic markers to define hypervirulent K. pneumoniae strains has been criticized previously. 32 A recent review article proposed further testing of virulence behaviour among the carbapenem-resistant strains with hypermucoviscosity in a suitable animal model. 8 In this study, we detailed the genetic content of virulence determinants and demonstrated the virulence of TVGHCRE225 using a mouse lethality assay by comparing it with the WT capsular K1/K2 and classic ST11 strains. The acquisition of the virulence plasmid in this XDR strain resulted in higher virulence compared with the classic ST11 strain; however, this strain was not as virulent as capsular K1/K2 strains in the mouse lethality assay. The virulent plasmids hvkp-5, pLVPK-like, pLVPK and pK2044 were highly similar, but the virulence plasmid in TVGHCRE225 was a novel hybrid plasmid containing a set of virulence genes. The plasmid spread between strains contributed to the confluence of hypervirulence and carbapenem resistance. Therefore, it is necessary to understand the molecular mechanisms underlying the plasmid-host expansion and adaptation with respect to antimicrobial resistance and virulence. 9 The major limitation of this study is the limited number of KPCproducing strains investigated. A large-scale screening of the capsular types and for the presence of rmpA among all carbapenem-resistant K. pneumoniae strains carrying other resistance mechanisms is ongoing to elucidate the virulence characteristics and strain background of these newly emerged strains.
In conclusion, we identified an XDR ST11 KPC-2-producing K. pneumoniae strain carrying a virulent plasmid for the first time in a country of the Asia Pacific rim. This strain was different from the major cluster of KPC-2-producing strains in our hospital. Active surveillance focusing on both the antimicrobial resistance and virulence characteristics of K. pneumoniae strains is necessary, as the threat to human health is imminent. Further studies regarding carbapenem-resistant hypervirulent K. pneumoniae worldwide to explore the evolutionary relationship between virulence and resistance in K. pneumoniae are encouraged.
